Ultrafine bismuth nanowire arrays have been fabricated by electrodeposition into nanoporous anodic aluminum templates in a composite electrolyte solution, in which the diameter of nanowire as low as 3 nm can be obtained. The micrographs and crystal structures of Bi nanowires are studied by transmission electron microscopy (TEM), selected-area electron diffraction (SAED), and X-ray diffraction (XRD). It is found that each nanowire is essentially a single crystal and has a different orientation in an array. The optical properties of the Bi nanowire arrays are studied by UV-VIS spectra. The experimental results exhibit blue-shifted phenomena with decreasing wire diameter, which is qualitatively consistent with the effective medium theory. © 2000 Elsevier Science S.A. All rights reserved.
Semimetallic bismuth is a material exhibiting interesting magnetoresistance (MR) characteristics and finitesize effects, whose electronic properties are fundamentally different from those of common metals due to the complex and highly anisotropic Fermi surface [1] [2] [3] [4] [5] [6] [7] . Especially, ultrafine bismuth nanowires arrays are considered a good candidate to study quantum confinement effect, which is desirable for wide-field sensing [8] and thermoelectric materials application [9] . Therefore, recently considerable interest in fabricating and studying properties of Bi nanowires or arrays of nanowire [1] [8] [9] [10] [11] [12] [13] [14] . The fabrications of arrays of Bi nanowires are synthesized by electrodeposition in polycarbonate membranes [1, 8] or particle track-etched membranes (PTMs) [11] , and injecting its liquid melt or a vapor-phrase technique into a porous Al 2 O 3 template [9, 10, 12, 13] . However, the attribution of pores of polycarbonate membrane is not uniform, which can not be used to fabricate the high quality arrays of Bi nanowires. The pressure injection method or a vaporphrase technique is difficult to fabricate the pore diameter of bismuth nanowires below 10 nm. And this method is highly costly, and complex in operation. If the fabrication by electrodeposition into nanoporous anodic aluminum oxide (AAO) can be carried out, the shorts can been avoided. To the best of the authors' knowledge, the arrays of Bi nanowires were not prepared by electrodeposition into nanoporous AAO films. The possible reason is that the bismuthal salt is very easy to hydrolyze. When the solution pH is controlled under 0.9 or lower, the nanoporous AAO templates are dissolved in solution.
When anodized in an acidic electrolyte, aluminum forms a porous oxide with very uniform and parallel pores open at one end and sealed at the other [15] [16] [17] [18] . Its structure is described as a closed-packed array of columnar cells, each containing a central pore of which the side and interval can be controlled by changing the forming conditions. In recent years, there has been interest in this material as a medium for creating uniform nanostructures since its pores can function as 'nanotemplates' in which small metal and semiconductor particles can be electrochemically deposited [15] [16] [17] [18] [19] [20] [21] [22] .
Here, the Bi quantum-wire arrays were electrodeposited in nanoporous AAO membranes by a novel deposition electrolyte solution which was prepared. The technique successfully carried out the fabrication of Bi nanowires arrays with cost-effectiveness, simplicity in operation, and the ability of deposition into templates, whose diameter was in the range of 3 -1000 nm. Meanwhile the results obtained by transmission electron microscopy (TEM), selected-area electron diffraction (SAED), X-ray diffraction (XRD), and UV-VIS-NIR absorption spectra of Bi quantum-wires in nanoporous AAO films (Bi/AAO) were presented. Their magnetoresistance properties will be reported in a subsequent research paper.
The nanoporous template was fabricated by anodizing an electrochemically polished high purity aluminum substrate (99.999%) in different concentration oxalic acid solution or sulfuric acid solution as the electrolyte. In the work, films were prepared with pore diameters of ca. 60, 40, 25, 15 nm (anodized in oxalic acid); ca. 5 nm (anodized in sulfuric acid). When the voltage of anodic oxidation was relatively high, the technique of decreasing voltage step by step was adopted, which made the electrodeposition easier. The micrographs and structures of nanoporous AAO templates were reported by the authors previously [16, 17, 22] .
The resulting AAO membranes were used as templates for the Bi nanowires. Following anodization Bi deposition was carried out by using alter current (AC) electrodeposition in an aqueous solution of bismuth chloride. The electrolyte contained 0.15 mol l − 1 bismuth chloride, 0.3 mol l − 1 tartaric acid, and 100 g l
glycerol. The resulting cloudy solution was buffered to pellucid with 37 mol l − 1 hydrochloric acid. In order to keep the solution adjusted, 13 mol l − 1 aqueous ammonia was used to control the pH 3.0. The electrolysis was conducted at 15°C, 200 Hz, different deposition time and different AC voltage. One pledged that the nanowire lengths of each sample were longer than 1.5 mm in this work. Next, the Al substrates were etched away by an amalgamation process.
To confirm that the nanochannel arrays have been fabricated by continuous dense Bi nanowires, the aluminum matrix was dissolved in 0.1 M NaOH aqueous solution, which did not attack the Bi nanowires. Fig. 1 shows three representative TEM images of Bi which is selected in the SAED experiments. And Fig.  2(b) is the dark field image of the same single Bi nanowire from the diffractive spot 1 or (110) (Fig. 2(c) ). One can see that the two photos show the same nanowire. At the same time the result of the electron diffraction pattern of this single nanowire is obtained in Fig. 2(c) . From this photo, one can see that the diffractive spots can be organized in an almost precise hexagon or parallelogram, which reveals that the rhombohedral lattice structure of bulk Bi is also preserved in the nanowires. Fig. 2(c) shows a [001( ] diffraction pattern of Bi nanowire. According to the geometry analyses of electron diffractogram, the cubic indices of the diffractive spots in the electron diffraction pattern are demarcated (Fig. 2(c) ). From Fig. 3(c) , one can also see three bright rings which result from carbon film used to support a sample in TEM experiments. To confirm the experiment results, other Bi nanowires are selected to perform the SAED experiments and obtain the same results. Therefore, it can be proposed that each single Bi nanowire is a single crystal. Fig. 3 shows the XRD patterns of Bi/AAO films removed from the Al substrate. It can be seen that all the XRD peaks are located very close to the peak positions of bulk Bi, revealing that the rhombohedral lattice structure of bulk Bi is also preserved in the nanowires. At the same time it can be seen that the dominating peak of Bi nanowires is not the same that of bulk Bi (012), and the relative intensities of peaks of Bi nanowires have departures from those of bulk Bi when the diameter of Bi nanowires decreases from (a) to (d). For the sample with an average diameter of ca. 60 nm only six peaks were observed (012), (104), (110), (015), (122), (303), which keep a similar relative intensity of the peaks like bulk Bi but the dominating peak. Fig. 3(b)-(d) show that the Bi (104) peak has almost disappeared and the peaks of (012), (110), (015), (122), (303) remain. The relative intensities of the left peaks are completely different from those of the peaks of bulk Bi. The experiment results are different from those of Zhang [10] , where the arrays of Bi nanowires are fabricated by pressure injection process. It can be deduced that the reason maybe is that the crystallization between the process of electrodeposition and that of pressure injection is different. From the XRD results, the arrays of Bi nanowires show polycrystalline structure as if the results conflict with the results of SAED above. Considering it is the statistical results obtained by the XRD pattern and the diffraction pattern of different grains indicate different orientations, it can be proposed that these individual Bi nanowires are essentially single crystal and each Bi nanowire in an array has a different crystal orientation. Fig. 4 shows the optical absorption spectra of these Bi nanowires composite membrane. As reported above, it is pledged that the length of each sample is longer nanowires. A single Bi nanowire is shown in Fig. 1(a) , in which the alumina matrix is dissolved completely. Fig. 2(b) shows that the Bi nanowires are parallel in banks when the alumina matrix is greatly dissolved, whose situations within the pores of the nanoporous alumina matrix are kept. Fig. 1(c) shows a bundle of Bi nanowires, whose bottoms adhere to each other, making it difficult to resolve the individual wires. The reason is that the aluminum matrix is partially dissolved from the bottom of the substrate. And one can see that the Bi nanowires are ductile, which indicated their excellent crystallinity.
As is known, the electron diffraction experiments of single crystal must involve to the bright, dark field and electron diffraction patterns. Shown in Fig. 2 are the results of the SAED pattern, which reveals that the single Bi nanowire is a single crystal (the accelerated voltage of electron is 100 kV in this experiment). Fig.  2(a) is the bright field image of the single Bi nanowire, than 1.5 mm. So one can ignore the optical influence that the length induces. One can see all the samples of composite membrane have an absorption edge at the short wavelength and the absorption edge is blueshifted from (a) to (e) in Fig. 4 with decreasing wire diameter, which is qualitatively consistent with the effective medium theory. This result is different from that obtained by Zhang et al. [10] . To confirm the result, another similar series of samples are performed and the same results are obtained, which shows there is not a dramatic change in the band gap energy of the Bi nanowires as a function of wires diameter.
In summary, we have successfully fabricated the arrays of Bi nanowires by electrodeposition into nanoporous AAO templates, which accomplishes the fabrication of Bi nanowires arrays with cost-effectiveness, simplicity in operation, and the ability of deposition into templates, diameter in the range of 3-1000 nm. The studies of the micrographs and crystalloid structure propose that each nanowire is a single crystal and has different orientation in an array. And optical properties of Bi nanowire arrays are blue-shifted with decreasing wire diameter, which is qualitatively consistent with the effective medium theory.
